The reactive nature of heme enables its use as an enzymatic cofactor while rendering excess 24 heme toxic. The importance of heme detoxification machinery is highlighted by the presence of various 25 types of these homeostatic systems in Gram-positive and Gram-negative microorganisms. A number of 26 pathogens possess orthologs of the HssRS/HrtAB heme detoxification system, underscoring a potential 27 role this system plays in the survival of bacteria in heme-rich environments such as the vertebrate host. 28
Summary 23
The reactive nature of heme enables its use as an enzymatic cofactor while rendering excess 24 heme toxic. The importance of heme detoxification machinery is highlighted by the presence of various 25 types of these homeostatic systems in Gram-positive and Gram-negative microorganisms. A number of 26 pathogens possess orthologs of the HssRS/HrtAB heme detoxification system, underscoring a potential 27 role this system plays in the survival of bacteria in heme-rich environments such as the vertebrate host. 28
In this work, we sought to determine the role of this system in protection against metalloporphyrin 29 heme analogues identified by previous studies as antimicrobial agents. Our findings demonstrate that 30 only toxic metalloporphyrins maximally activate expression of the S. aureus heme detoxification system, 31
suggesting that the sensing mechanism of HssRS might require a component of the associated toxicity 32 rather than or in addition to the metalloporphyrin itself. We further establish that only a subset of toxic 33 metalloporphyrins elicit the oxidative damage previously shown to be a significant component of heme 34 toxicity while all toxic non-iron metalloporphyrins inhibit bacterial respiration. Finally, we demonstrate 35 that, despite the fact that toxic metalloporphyrin treatment induces expression of S. aureus heme 36 detoxification machinery, the HrtAB heme export pump is unable to detoxify most of these molecules. 37
Introduction 42
Staphylococcus aureus is a Gram-positive coccus that asymptomatically colonizes the skin and 43 nostrils of nearly one-third of the human population (1, 2). However, through the use of its numerous 44 virulence determinants, this organism has the ability to breach the host defensive barriers to cause 45 invasive diseases such as endocarditis, toxic shock syndrome, osteomyelitis, and sepsis (3, 4) . One of 46 these virulence factors is the iron-regulated surface determinant (Isd) system which enables S. aureus to 47 acquire and utilize host iron stores, the bulk of which are coordinated to heme molecules that are bound 48 by hemoglobin and sequestered within erythrocytes (5). 49
In addition to utilizing heme as a nutrient iron source, S. aureus can employ both endogenously-50 synthesized and exogenously-acquired heme as a respiratory cofactor (6). During respiration, electrons 51 are extracted from catabolized carbon sources and passed through a series of electron carriers to the 52 heme molecules housed within cytochromes. The redox potential of heme enables it to accept electrons 53 from membrane-associated quinones and donate them to a terminal electron acceptor, which is oxygen 54 in the case of aerobic respiration, in order to generate a proton motive force (7, 8) . The proton motive 55 force is harnessed by respiring bacteria in order to efficiently synthesize the energy transfer molecule 56
ATP. 57
Although heme is a useful nutrient and cofactor, high levels of this molecule become toxic to 58 most organisms (9). While this toxicity is likely multifaceted, it can be at least in part attributed to non-59 specific redox cycling that occurs between heme and oxygen when excess heme accumulates within the 60 cell membrane. Upon exposure to atmospheric oxygen, membrane-associated heme molecules can 61 auto-oxidize to generate damaging superoxide radicals. This reaction is potentiated by the presence of 62 menaquinone, which reduces heme and allows multiple rounds of auto-oxidation to occur (10). 63
Because heme toxicity is widespread among numerous organisms, various types of heme 64 detoxification systems are utilized by a diverse array of bacteria. Mechanisms to counteract the effects 65 of heme exposure include degradation, export, and sequestration of heme (9). One of the best 66 characterized examples of the export mechanism of heme detoxification is the heme-regulated 67 transporter HrtAB. HrtA was first identified in S. aureus as the gene most starkly up-regulated in 68 response to heme exposure (11). Further characterization revealed that this transporter is regulated by 69 the heme sensor system HssRS. Upon exposure to toxic levels of heme, the HssRS two-component 70 system activates expression of HrtAB (12, 13 Heme is composed of a tetrapyrrole ring known as protoporphyrin IX (PPIX) bound to an iron 79 atom. However, PPIX can be artificially or naturally complexed to other metals. These molecules are 80 collectively known as non-iron metalloporphyrins (MPs). A subset of these heme analogues were 81 identified by previous studies as potential antimicrobial agents capable of inducing bacterial death at 82 low micromolar concentrations (6, 19) . MPs are thought to enter the bacterial cell by exploiting 83 endogenous heme acquisition systems (19). Once they are taken up by the cell, these molecules are 84 trafficked to the membrane and exert their toxicity in part by displacing cytochrome-associated heme 85 and inhibiting respiration (6). 86
Oxidative protein damage was monitored by immunoblotting as previously described (10). 109
Briefly, cells were cultured overnight in untreated TSB and diluted to an optical density at 600 nm 110 (OD 600 ) of 0.2 in the morning. Five milliliters of bacterial cultures were grown for 6 hours in TSB in the 111 presence or absence of 5 µM of each MP tested. These cultures were pelleted, washed, and suspended 112 in 500 µL TSM (100 mM Tris, pH 7; 500 mM sucrose; 10 mM MgCl 2 ). Cell walls were removed by addition 113 of 20 µg lysostaphin and incubation for 30 min at 37°C. The resulting protoplasts were pelleted, 114 suspended in lysis buffer (50 mM Tris HCl, pH 7; 60 mM KCl; 10 mM MgCl 2 ; 2% β-mercaptoethanol), and 115 lysed by sonication. Proteins affected by oxidative damage were detected using the OxyBlot™ Protein 116
Oxidation Detection Kit (Millipore) following manufacturer's instructions. Briefly, the oxidatively 117 damaged proteins were derivatized with 2,4-dinitrophenylhydrazine (DNP). DNP-derivatized proteins 118
were detected via standard immunoblotting methods using a primary antibody specific to the DNP 119 moiety on the damaged proteins (Millipore) and a goat anti-rabbit IgG (Alexa Fluor 680-conjugated) 120 secondary antibody (Invitrogen). Immunoblots were visualized using an Odyssey® Imager (LI-COR 121 Biosciences). Staining intensity of individual sample lanes was quantified using the Odyssey® software. 122
Inductively coupled plasma mass spectrometry (ICP-MS) ion measurements 123
Bacterial cells were cultured overnight in untreated TSB and diluted to an OD 600 of 0.1 in the 124 morning. Five milliliters of bacterial cultures were grown for 5 hours in TSB in the presence or absence 125 of 5 µM of each MP tested. These cultures were pelleted, washed, and suspended in 500 µL PBS. Cell 126 walls were removed by addition of 20 µg of lysostaphin and incubation for 30 min at 37°C. The resulting 127 protoplasts were pelleted, suspended in 500 µL chelex-treated PBS, and lysed by sonication. Cell 128 membranes were pelleted at 100,000 X g for 30 minutes. Membranes were washed with 500 µL chelex-129 treated PBS and suspended in 200 µL chelex-treated PBS. Samples were normalized to a concentration 130
After digestion, samples were diluted to a 10 mL final volume in Milli-Q water and submitted for analysis at the Vanderbilt Mass Spectrometry Research Center. Levels of cobalt, chromium, copper, iron, 134 gallium, manganese, nickel, tin, and zinc were measured as a proxy for CoPPIX, CrPPIX, CuPPIX, FePPIX, 135
GaPPIX, MnPPIX, NiPPIX, SnPPIX, and ZnPPIX accumulation, respectively. Ion levels were normalized 136 relative to the endogenous ion levels of untreated samples. 137
Spectrophotometric measurement of MP accumulation 138
MP accumulation was measured similarly to previously described methods (10). Briefly, cells 139 were cultured overnight in untreated TSB and diluted to an OD 600 of 0.2 in the morning. Five milliliters of 140 the diluted cultures were grown for 6 hours in the presence or absence of 5 µM of each MP tested. 141
These cultures were pelleted, washed, suspended in 500 µL TSM, and treated with 20 µg of lysostaphin 142 to remove cell walls. The resulting protoplasts were pelleted, suspended in TKM (50 mM Tris HCl, pH 7; 143 60 mM KCl; 10 mM MgCl 2 ), and lysed by sonication. Samples were matched to equivalent protein 144 concentrations (500 µg total protein) and diluted into a final volume of 550 µL in TKM containing 300 145 mM NaCl and 24% DMSO. Samples were then acidified through the addition of 0.2 mL of 50 mM glycine-146
HCl (pH 1) and the MP was subsequently extracted by adding 0.2 mL of chloroform and vortexing several 147 times. Spectral absorbance readings were taken of the chloroform phase at wavelengths ranging from 148 300 to 500 nm. CuPPIX, FePPIX (heme), GaPPIX, MnPPIX, NiPPIX, SnPPIX, and ZnPPIX were monitored by 149 absorbance levels at 408 nm, 388 nm, 411 nm, 372 nm, 404 nm, 415 nm, and 418 nm, respectively. Prior 150 to the analysis, the peak absorbance values for individual MPs had been determined using solutions of 151 MP suspended in acidified chloroform. Absorbance values for untreated samples were subtracted from 152 the absorbance values for treated samples. 153
XylE assays 154
shaking at 37 °C in 15 mL conical tubes containing 5 mL of TSB containing 10 μg/mL chloramphenicol. 157
Bacteria were sub-cultured 1:100 into 1.5 mL snap-cap tubes pre-loaded with 0.5 mL TSB supplemented 158 with 10 μg/mL chloramphenicol and metalloporphyrin in triplicate. Sub-cultures were shaken for 2 hours 159 at 37 °C and centrifuged at 16,000 X g for 5 minutes. Culture supernatants were aspirated and pellets 160
were re-suspended in 0.5 mL of wash buffer (20 mM potassium phosphate, pH 7.6). Washed bacterial 161 suspensions were centrifuged at 16,000 X g for 5 minutes and re-suspended in 150 μL lysis solution (100 162 mM potassium phosphate buffer; pH 8, 10% acetone; 25 μg/mL lysostaphin). Bacterial suspensions were 163 incubated for 20 minutes at 37 °C, transferred to ice for 5 minutes, and then centrifuged at 20,000 X g 164 for 30 minutes at 4 °C. Twenty microliters of supernatant were added to a 96-well plate and 200 μL of 165 substrate buffer (100 mM potassium phosphate, pH 8.0; 0.2 mM pyrocatechol) was added to each well. Previous studies have identified certain non-iron metalloporphyrins (MPs) as potent, broad-193 range antimicrobial compounds (6, 19, 23, 24) . At least a portion of MP toxicity has been attributed to 194 the structural homology shared between these molecules and the iron-containing heme cofactor 195 utilized by various organisms to perform numerous cellular functions ranging from catalase activity to 196 respiration (6, 19). Additionally, some of these porphyrin compounds act as photosensitizers, reacting 197 with light to generate damaging singlet oxygen (25). While the broad-spectrum antimicrobial activity of 198 many MPs is widely recognized, MP potency can vary between studies using different bacterial strains 199 and growth conditions. Therefore, we first sought to establish the subset of MPs that were toxic to S. 200 aureus strain Newman under our laboratory growth conditions. To eliminate the compounding issue of 201 photosensitization, all cultures were grown in the absence of light. 202
In order to determine the effects of a wide range of MP heme analogues on S. aureus growth, 203
we employed PPIX molecules that were complexed to cobalt, chromium, copper, iron, gallium, 204 manganese, nickel, tin, or zinc atoms. These compounds are commonly denoted as CoPPIX, CrPPIX, 205
CuPPIX, FePPIX (heme), GaPPIX, MnPPIX, NiPPIX, SnPPIX, and ZnPPIX, respectively. These compounds 206 were supplemented at a final concentration of 10 µM into S. aureus cultures grown in TSB, and growth 207 was monitored over a 24 hour time course (Fig. 1) . Under these conditions, the only MPs that exhibit 208 antimicrobial activity against S. aureus are FePPIX (heme), GaPPIX, MnPPIX, and ZnPPIX. 209
Most toxic and non-toxic MPs accumulate to similar levels in the cell membrane. 210
Because previous studies have shown that the toxic MPs FePPIX (heme) and GaPPIX are 211 preferentially trafficked to the cell membrane (5, 6, 10), we sought to determine whether or not lack of 212 membrane accumulation could provide an explanation for the decreased toxicity of other MPs. The 213 membranes of cells that had been treated with various MPs were isolated and analyzed using 214 inductively coupled plasma mass spectrometry (ICP-MS) to detect levels of the ions unique to each MP. 215
Most toxic and non-toxic MPs were found in similar abundance within the cell membrane, indicating 216 that the inability to traffic to the membrane was not responsible for the lack of toxicity elicited by 217 certain MPs (Fig. 2) . Interestingly, we observed that CrPPIX did not enter the cell membrane as 218 efficiently as other MPs, which might be a factor contributing to the decreased toxicity of this molecule. 219
The reason behind the lower levels of CrPPIX accumulation in the membrane is unknown but might be 220 due to limited target range of a heme uptake system. However, a staphylococcal heme uptake system 221 that is expressed under the iron-replete growth conditions used in these experiments has not yet been 222 can recognize CoPPIX, GaPPIX, MnPPIX, and ZnPPIX in addition to heme (27). These enzymes function as 232 heme oxygenases that extract iron from heme for use as a nutrient source under iron-deplete growth 233 conditions. Interestingly, despite the ability of IsdG and IsdI to associate to non-iron MPs, the heme 234 oxygenases are incapable of degrading these molecules. These studies enabled high resolution 235 crystallographic visualization of the ligand-bound pre-cleavage state of a catalytically active IsdI bound 236 to CoPPIX (27) . 237
Because MP studies have yielded invaluable insight into the biochemical function of various 238 components of the S. aureus heme acquisition system, we sought to determine the impact of MP 239 treatment on the S. aureus heme detoxification system in order to better understand the specificity of 240 HssRS/HrtAB. We first assessed whether or not exposure to MPs could be sensed by the heme-sensing 241 two-component system HssRS. In order to monitor HssRS activation, we employed a xylE reporter gene 242 fused to the hrtAB promoter, the only characterized target for HssRS activation (12, 13). S. aureus strains 243 expressing this reporter construct were exposed to varying concentrations of each MP, and XylE 244 enzymatic activity was monitored as a readout for HssRS activation (Fig. 3) . The compounds that most 245 dramatically activated the heme-sensing system were the natural stimulator FePPIX (heme) along with 246 on July 13, 2017 by guest http://jb.asm.org/ Downloaded from the toxic MPs, MnPPIX and GaPPIX. These compounds activate HssRS when present at sub-micromolar 247 levels. Exposure to the toxic compound ZnPPIX also elicited a more modest HssRS activation at sub-248 micromolar levels. Certain non-toxic MPs such as NiPPIX were capable of slight activation of the heme 249 detoxification system only when present at higher concentrations, while others compounds did not 250 exhibit any HssRS activation under the conditions tested. 251
The ability of these molecules to activate HssRS was further assessed using a more sensitive 252
qRT-PCR analysis to monitor hrtB expression. In this set of experiments, we sought to determine 253 whether or not the slight activation elicited by micromolar concentrations of certain MPs was 254 statistically significant. qRT-PCR analyses revealed that, at low micromolar concentrations, the non-toxic 255
MPs CoPPIX, NiPPIX, and SnPPIX were capable of moderate HssRS activation although not to the same 256 extent as the toxic MPs (Fig. 4) . However, due to a high level of variability in the ability of CoPPIX to elicit 257 hrtB expression, this data set did not reach statistical significance. The qRT-PCR data are consistent with 258 the slight XylE activation that was observed in some of the non-toxic MP treatments when these MPs 259 were provided at increasing micromolar concentrations (Fig. 3) . However, because non-toxic MPs 260 cannot induce hrtB expression at sub-micromolar concentrations and elicit much lower levels of hrtB 261 expression than toxic MPs when present at low micromolar concentrations, we conclude that only toxic 262
MPs are capable of maximal activation of the heme detoxification system. In all cases, activation of hrtB 263 expression is dependent upon the presence of HssRS because no increase is observed in an ΔhssRS 264 mutant (Fig. 4) . 265
Interestingly, other structurally unrelated heme sensing systems such as the L. lactis cytoplasmic 266 regulator HrtR have MP specificities that result in target gene activation (15). HrtR is robustly activated 267 by heme and GaPPIX, modestly activated by MnPPIX, and perhaps weakly activated by ZnPPIX, while 268 remaining insensitive to other MPs (15). The findings that toxic MPs are more readily sensed by multiple 269 heme-sensing systems than non-toxic MPs could have multiple implications. One explanation for this 270 trend could be that the characteristics that enable these molecules to be sensed by HssRS and HrtR are 271 the same characteristics that induce toxicity. Alternatively, these heme-sensing systems might be 272 capable of sensing a component of the associated toxicity such as oxidative stress in addition to the 273 presence of the MP in order to fully activate gene expression. 274
Oxidative damage is a component of some MP toxicity. 275
Because oxidative damage is the only component of heme toxicity that has been characterized 276 (10), we sought to determine whether or not oxidative stress contributes to the toxic effects of other 277
MPs. In order to monitor the presence of MP-induced oxidative stress, we used an OxyBlot TM kit 278 (Millipore), which detects oxidative protein damage through standard immunoblotting techniques that 279 can be visualized as high levels of antibody staining throughout the oxidatively damaged samples (Fig.  280 5A to B). Because heme-induced oxidative stress is primarily evident in S. aureus strains lacking 281 functional heme detoxification systems, oxidative damage was assessed in both wild-type (WT) S. aureus 282 and in a ΔhrtB mutant. These strains were grown for 6 hours in the presence or absence of 5 µM of 283 various MPs prior to analysis. As expected, WT S. aureus displayed no detectable protein damage in the 284 presence of FePPIX (heme) while ΔhrtB S. aureus samples accrued high levels of heme-induced oxidative 285 damage due to the absence of a functional heme detoxification system. Interestingly, high levels of 286 oxidative damage were observed upon exposure to the toxic MPs GaPPIX and ZnPPIX in both WT and 287
ΔhrtB S. aureus, indicating that these MPs share a common toxicity with heme that cannot be fully 288 overcome through the presence of a detoxification system. Surprisingly, a more modest but 289 reproducible oxidative damage was observed upon treatment with non-toxic SnPPIX, revealing that a 290 certain level of oxidative protein damage can be tolerated by S. aureus with no apparent growth 291 detriment. Intriguingly, the toxic MP MnPPIX did not induce a noticeable increase in oxidative damage, 292 on July 13, 2017 by guest http://jb.asm.org/ hinting at additional previously uncharacterized aspects of MP toxicity that remain to be discovered. In 293 total, these data indicate that oxidative stress is not the component of MP toxicity that is recognized by 294 heme-sensing systems. 295
The quantification of the WT and ΔhrtB S. aureus data sets indicated that the presence of a 296 functional detoxification system differentially influenced the oxidative damage induced by individual 297 MPs (Fig. 5C ). ZnPPIX-induced oxidative damage was reduced in the HrtAB-expressing cells in a manner 298 similar to heme-induced stress, albeit to a lesser extent. However, the HrtAB system was incapable of 299 reducing GaPPIX-associated protein damage. In fact, the presence of the HrtAB detoxification pump 300 appeared to exacerbate GaPPIX-induced oxidative damage to levels verging on statistical significance. 301
These observations indicated that the specificity of the HrtAB pump might differ from the specificity of 302 the HssRS sensing system. 303
Toxic non-iron MPs inhibit bacterial respiration. 304
Because oxidative stress does not occur in the presence of all toxic MPs, we sought to identify 305 another source of toxicity shared by these heme analogues. GaPPIX and ZnPPIX have previously been 306 shown to inhibit aerobic respiration, presumably by displacing the critical heme cofactors housed within 307 cytochromes (6). This mechanism of toxicity is akin to the gallium toxicity previously described for 308
Pseudomonas aeruginosa in which gallium poisons iron-based processes due to chemical similarities 309 between the two elements (28). Non-respiring staphylococcal cells display a slow-growing phenotype 310 known as a small colony variant (SCV). SCVs can be created genetically through mutation of heme and 311 menaquinone biosynthetic pathways. WT and ΔhrtB S. aureus were streaked onto TSA plates in the 312 presence or absence of various MPs adjacent to the genetically-defined SCVs, ΔhemA and ΔmenB, which 313 are deficient in heme and menaquinone biosynthesis, respectively (Fig. 6) . Neither non-toxic, non-314 inducers nor non-toxic, moderate inducers of the HssRS system impacted the ability of WT or ΔhrtB cells 315 to respire as evidenced by the large colony morphology of these strains relative to the genetically-316 defined SCV strains. In contrast, cells grown on toxic, non-iron MPs reverted to the SCV phenotype. In 317 the presence of GaPPIX and MnPPIX, WT and ΔhrtB strains were phenotypically indistinguishable from 318 the genetic SCVs, ΔhemA and ΔmenB. However, on plates impregnated with ZnPPIX, WT cells displayed 319 an intermediate growth phenotype relative to the definitive SCV morphology of ΔhrtB, indicating that 320 the HrtAB heme detoxification pump can afford some level of protection from the respiratory inhibition 321 induced by this heme analogue. However, the HrtAB-mediated detoxification of ZnPPIX is far less 322 dramatic than the impact of this system in the presence of heme, the natural substrate of the 323 detoxification pump. On plates infused with FePPIX (heme), ΔhemA displays a normal colony 324 morphology that is indistinguishable from WT cells because the exogenously-acquired heme can 325 substitute for the biosynthetic deficiency of this mutant (Fig. 6) . In contrast, ΔhrtB is incapable of growth 326 on this substrate. This inhibition of growth is completely reversed in WT cells through the action of the 327 HrtAB heme detoxification system. 328
These findings distinguish the ability of some toxic MPs to induce oxidative stress from the 329 ability of all toxic non-iron MPs to inhibit respiration, highlighting at least two separate antimicrobial 330 activities of these heme analogues. While the inhibition of bacterial respiration is common among all 331 toxic non-iron MPs, we do not believe that this feature plays any role in the activation of HssRS due to 332 the fact that this system is designed to sense heme, a compound required for respiration. This belief is 333 further supported by the fact that the HssRS system is not constitutively activated in genetically-defined 334 SCVs lacking heme or menaquinone biosynthesis (data not shown). Therefore, if HssRS is sensing a 335 component of MP-associated toxicity, these data indicate that additional aspects of MP toxicity remain 336 to be discovered. 337
HrtAB does not export non-iron MPs as efficiently as FePPIX (heme). 338
In order to further assess the specificity of the HrtAB component of the S. aureus heme 339 detoxification system, we grew WT and ΔhrtB strains in the presence or absence of 5 µM of various MPs 340
and monitored the accumulation of these compounds after 6 hours of exposure (Fig. 7) . The method of 341 MP detection employed for these experiments utilized spectrophotometric measurements to detect 342 only intact MPs whereas ICP-MS analyses, while more sensitive, cannot distinguish between intact or 343 degraded MPs. As expected, WT cells accumulated significantly lower amounts of FePPIX (heme) as 344 compared to the ΔhrtB strain lacking a functional heme export pump. ZnPPIX was also present at lower 345 levels in WT S. aureus cells as compared to the ΔhrtB strain, indicating that this MP can be exported by 346
HrtAB. However, ZnPPIX export by HrtAB does not appear to be nearly as efficient as the HrtAB-347 mediated efflux of heme. The ZnPPIX accumulation data corroborate the oxidative protein damage 348 analyses and colony morphology on MP-infused plates, which revealed modest protection from ZnPPIX-349 induced damage and respiration deficiency through the action of the HrtAB detoxification system (Fig.  350 5C and 6). HrtAB was not capable of exporting the toxic MPs GaPPIX and MnPPIX or the non-toxic MPs 351
CuPPIX, NiPPIX, and SnPPIX as evidenced by to the fact that no significant decrease in MP accumulation 352 was detected in WT versus ΔhrtB cells (Fig. 7) . While CoPPIX and CrPPIX measurements were also 353 attempted, no detectable levels of these compounds were observed in either strain (data not shown). 354
The lack of CrPPIX detection is likely due to the fact that this compound accumulates to significantly 355 lower levels in the cells relative to other MPs (Fig. 2) while CoPPIX simply does not have as strong of a 356 spectral absorbance profile as other compounds. Interestingly, MnPPIX levels were actually increased in 357 the WT strain as compared to the ΔhrtB mutant (Fig. 7) . This surprising result suggests that the presence 358 of high levels of HrtAB within the cell membrane assists in MnPPIX uptake for unknown reasons. In total, 359 the measurements of MP accumulation indicate that the system specificity of HrtAB is narrower than 360 that of HssRS with heme being most efficiently transported and ZnPPIX being exported to a lesser 361 extent. 362 on July 13, 2017 by guest http://jb.asm.org/
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The HrtAB detoxification pump does not protect against most toxic MPs and can actually exacerbate 363 certain MP toxicity. 364
Due to the narrow target specificity of HrtAB, we sought to assess the role of the S. aureus heme 365 detoxification system in protection against toxic MPs through a direct comparison of WT and ΔhrtB S. 366 aureus. Therefore, these strains were cultured in the presence or absence of 10 µM MP, and growth was 367 monitored after 24 hours of incubation (Fig. 8) . As expected, the ΔhrtB strain was much more 368 susceptible to FePPIX (heme) exposure than WT S. aureus. Consistent with the oxidative damage, 369 respiratory inhibition, and MP accumulation data, strains incapable of producing HrtAB were modestly 370 more susceptible to ZnPPIX treatment. Interestingly, the ΔhrtB strain grew slightly better in the presence 371 of both GaPPIX and MnPPIX than WT S. aureus. These surprising data indicate that expression of the S. 372 aureus heme detoxification system actually becomes detrimental upon exposure to certain toxic MPs, 373 increasing the bactericidal activities of these already potently antimicrobial compounds. The source of 374 this increased sensitivity is unknown but could potentially be attributed to a number of factors. One 375 explanation could be ascribed to the relatively high levels of HssRS activation observed upon GaPPIX or 376
MnPPIX treatment. XylE and qRT-PCR data indicate that hrtAB expression is approximately ten-fold 377 higher upon MnPPIX or GaPPIX treatment than for heme treatment ( Fig. 3 and 4) . This increased 378 expression might be caused by the fact that both GaPPIX and MnPPIX are capable of activating HssRS 379 but incapable of being effluxed by HrtAB. Alternatively, GaPPIX and MnPPIX may simply be better 380 biochemical activators of HssRS. In either case, because of these high levels of hrtAB expression, GaPPIX 381 and MnPPIX-treated cells are likely expending needless amounts of energy on the massive up-regulation 382 of HrtAB, which could potentially impact growth rates. Additionally, the over-expression of a heme 383 export pump may act to deplete beneficial cellular heme stores, inactivating heme-dependent enzymes 384 such as cytochromes and catalase. 385 
